Introduction
Screen printing with conductive ink is a technique mainly used in the field of electronics. However, over the last decade different groups have screen printed with conductive silver-based inks on different woven and nonwoven fabrics for applications such as electrodes for monitoring vital signs, interconnections in circuits, heating elements or planar antennas for wireless off-body communication [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, when integrated in wearable textile systems, consumers will only accept them if they do not require any special maintenance preferably without removing all devices. Some of these wearable textile systems require regular washing processes and some others dry cleaning process. Karaguzel et al. [6] have worked on laundering printed electroconductive textiles in a washing machine where they have concluded that the printed electroconductive textiles resulted in a loss of conductivity. Kazani et al. [10] worked on preserving the electroconductive properties after 60 dry cleaning cycles of screen-printed electroconductive flexible substrates. Both of these works concluded that the maintenance procedure, laundering or dry cleaning, of the printed electroconductive substrates had an influence on their resistance.
The influence of washing on electric charge decay of fabrics with conductive yarns was studied in [11] and the influence of washing on the electrostatic properties of polyester woven fabrics containing S-Shield conductive yarns was studied in [12] . In both papers the vertical electrical resistance and surface resistivity were measured, for knitted and woven fabrics with conductive yarns inserted at specified intervals, before and after five washing cycles. It was found that the values of the vertical electrical resistance and surface resistivity of these fabrics increase very distinctly after five washing cycles. This paper reports on the influence of dry cleaning on the electrical resistance of screen-printed conductors on textile along with a theoretical model and simulations to explain the observed phenomena. For the experimental part of this paper, electroconductive layers were screen-printed onto two flexible substrates.
From our investigation it was seen that the dry cleaning process has a tremendous influence on the electrical conductivity. Here it is confirmed with theoretical and numerical analysis, which was also observed during the experiments, that the electrical resistance increases with the square of the number of dry cleaning cycles.
Experimental results
Silver-based electroconductive inks were screen printed on two different substrate materials: a flexible polyurethane foam (Urecom) and a polyester nonwoven (PES). The screen-printed area was a square of 6 by 6 cm. To measure the electrical resistance of this square, the Van Der Pauw method was applied [13] [14] [15] . This technique uses four contacts put on the boundary of the conducting layer.
It has the particular advantage that the parasitic contact resistance does not influence the measurements. A known electrical current I is fed through two contacts (e.g. contacts 1
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Screen-printed textile conductors, conductive ink, textile, dry cleaning, electrical resistance was carried out with the usual chemical cleaning agent. But dry cleaning involves also a lot of mechanical movements of the samples. We believe that this mechanical treatment is mainly responsible for ageing of the electric conducting layers.
The experimental results are shown in Figure 2 .
On the vertical axis, the values R-R 0 were plotted. R 0 is the resistance value at the initial stage (N=0), and R is the resistance after N dry cleaning cycles. The reason for showing R-R 0 , or the change in resistance, is to allow a better comparison with the theoretical and numerical analysis as will be explained further on in the next sections. The horizontal axis shows the number of dry cleaning cycles N. A double logarithmic plot is used to allow a better comparison with the theoretical analysis and the numerical simulations.
First of all one notices that the resistance values increase a lot due to the dry cleaning process. Typically the resistance value increases 10 to 50 times for N=60 cycles. If these conductors have to supply an electrical current to any kind of wearable electronic devices, the severe increase of the resistance has to be taken into account during the design phase. and 2 in Figure 1 ) and the resulting voltage drop V (in contacts 3 and 4 of Figure 1 ) across the two other contacts is measured. We define in this paper the value R=V/I as the resistance of the sample, although a resistance is normally defined if only two contacts are involved. Anyway, the value R is always proportional to the resistivity ρ of the sample. In order to calculate this resistivity ρ from the obtained R value one needs to solve a potential problem that takes the geometry of the sample into account. This job is not always that obvious and will be omitted here [14] . As we are only interested in ageing properties and taking into account that R is always proportional to ρ, we will continue with the resistance value R without any geometry correction.
In a first series of experiments four different silver-based electroconductive inks were deposited on the Urecom and on the PES substrates. The four inks are labelled as ink1, ink2, ink3 and ink4. These inks have been supplied by DuPont (ink 1), Acheson (ink 2) and Sun Chemical (ink 3 and 4).
After the prior measurement of the resistance, all samples were dry cleaned up to maximum 60 times; after N=5,10,15,...60 dry cleaning cycles, the resistance was measured again to observe the ageing behaviour. The dry cleaning procedure that the mechanical movements during dry cleaning have less influence on the ageing of the conducting layers. Just like in the first set of experiments, the influence of the substrate on the absolute value of the resistance is considerable. 
Modelling
Setting up a mathematical model for washing cycles is far from being obvious. In this contribution, a simple theoretical approach is presented.
First of all we assume that a linear shaped crack exist in the conducting layer. During each washing cycle, it is assumed this crack grows a certain amount. It is then sufficient to find out the change of the electric resistance as a function of the crack length. This analysis gives rise to an analytical calculation as will be outlined further on in the next section. It will be found that the change of the total resistance is proportional to the square of the crack length and hence with the square of the number of dry cleaning cycles.
Second, a numerical analysis is presented. The conducting layer is represented by a two dimensional array of resistors aligned along a rectangular Cartesian system. A washing cycle is simulated by the removal of one or more resistors from this electric network, which can be interpreted as a microcrack. The choice of a resistor for the next removal is done with a random generator so that this time we are not dealing with a single growing crack but with many cracks distributed all over the conducting layer. This numerical procedure is repeated until electrical conduction turns out to be no longer possible. As long as the number of removed resistors is not too big, it is found that the change of the total resistance is proportional to the square of the number of dry cleaning cycles.
It will be proved theoretically in the next section that for a strip with one crack the change of resistance is proportional to the square of the crack length. One assumes that the crack length grows proportionally with the number of dry cleaning cycles it can be stated that the change of the resistance will be proportional to the square of the number of dry cleaning cycles. With the numerical simulations a crack was represented by removing a single
In Table 1 , the values of the initial resistances (i.e. any dry cleaning process or N=0) are listed. The wide scattering of the numerical values is due to the material properties of both the inks and the substrates. The inks contain organic solvents, which are differently absorbed in Urecom and PES. This aspect has been discussed in detail in a previously published paper [10] . The influence of the substrate material is not easy to describe due to some contradictory results. For ink1 and ink3, the Urecom gives rise to a lower resistance, whereas the opposite result is found for ink2 and ink4 although ink3 and ink4 are from the same supplier. From the ageing point of view (Figure 2 ), one observes roughly the same trend for all samples: the resistance increases with the number of dry-cleaning cycles. One exception was found for ink1 on a PES substrate where no electric conduction was possible for N>10.
The most obvious explanation is that the dry cleaning creates a lot of mechanical bendings of the samples. Due to the flexibility of the textile substrates, these bendings will create microcracks in the conducting layers. This phenomenon was also confirmed by the inspection of the dry cleaned layers under a stereo microscope [10] . Any crack in an electric conductor gives an inevitable rise to the electric resistance, because the current paths are partially blocked.
From Figure 2 , it is clear that several samples follow the slope of the trendline. For the Urecom substrate it happens for all the four inks. Concerning the PES substrate only the sample with ink 4 follows the trendline. The samples with ink2 (+) and ink3 (⋄) show a lower slope. The PES substrate with ink1 (◃), however, has a totally different behaviour. After 10 dry cleaning cycles, the resistance has increased from R 0 =0.0140 Ω to R=0.3428 Ω and after 15 cycles, no more electrical conduction was observed.
In a second experiment just one ink (ink1) was screen printed on the Urecom and on the PES substrate. The ageing results are shown in Figure 3 .
For the foam substrate the initial resistance was R 0 =0.009 Ω and R 0 =0.024 Ω for the nonwoven PES. A trendline ( has also been drawn. This time the experimental results do not follow the slope of the trendline. For the foam substrate the resistance varied from R=0.009 Ω to R=0.022 Ω after 60 cry cleaning cycles. For the nonwoven PES substrate one observed R 0 =0.024 Ω and R=0.158 Ω. This time the change of resistance is no more than 5. A possible explanation for this phenomenon is that these substrates are less flexible so
In the (u', v') the points A and B have the coordinates:
With the following conformal transformation (from the ω' to the ω-plane):
the points A and B will move now to the coordinates (−1,0) and (+1,0) in the (u,v) or the ω-plane (Figure 4d ). The upper half plane of Figure 4 d can now be mapped with the inverse transformation of (1) into a half infinite strip with a width π as shown in Figure 4e :
Why are all these subsequent transformations needed? In the final ζ-plane (Figure 4e ) we observe a half infinite strip without any cracks. Hence, the electric field and potential distribution can be solved by inspection. Indeed, the current density is just uniform and parallel to the η axis. The potential varies linearly with η. The complex potential in the ζ plane is then:
φ is the potential we are looking for. The factor 2/π is just a proportionality constant used for normalization. The complex potential being invariant for conformal transformations, one just has to change the coordinates to obtain the potential in the original track. By using the transformations (1), (2), (3) and (4) listed above, one gets the complex potential in the original z-plane, that is, the track with the crack:
The real part of (6) gives us the potential φ(z)=φ(x, y). For our problem we do not need a detailed potential distribution as a function of x and y. We just want to learn the influence of the crack on the electric resistance of the track. Hence, we can limit ourselves to the potential distribution along the y axis:
which is found by putting x=0 or z=jy in (7). The real part of (7) gives us the electric potential distribution along the y axis:
A plot of the potential function (8) is shown in Figure 5 for a particular value α=0.83913 or cos[πα/2]=0.25 which corresponds to a deep crack in the track.
resistor from a large network of interconnected resistors. Again it was found that the overall resistance increased proportional to the square of the number of removed resistors. It is reasonable to assume that the number of cracks is proportional to the number of dry cleaning cycles. Hence one ends up with the relation
Hence this relation, which is a straight line in a double logarithmic plot, has also been plotted in Figure 1 . As will be made clear later on in this article, only the slope of this trendline should be taken into account.
Theoretical analysis
Let us first consider an electric conducing path with a width a as shown in Figure 4 by (a). A crack with a length αa (0<αa) has also been drawn. To simplify the calculations it is assumed the crack is directed along the x-axis. Moreover, only one crack is taken into consideration here. The potential problem to be solved can be easily performed analytically using conformal mapping techniques as will explained further on [16] [17] .
The first step in the calculation is to mirror the geometry of Figure 4a giving us the band structure shown in Figure 4b .
For mathematical reasons only the upper half plane (i.e. y>0) will be considered further on. Due to symmetry, this has no influence on the analysis. The track of Figure 4b has a width 2a and two cracks placed symmetrically with respect to the y-axis. With the conformal transformations only the upper half planes will be transformed.
The geometry of Figure 4b will be mapped onto the upper half plane v'>0 of Figure 4c by: which indicates clearly a parabolic behaviour. It means that in the beginning when the crack starts growing, the resistance will increase parabolically with the depth of the crack. The approximation (13) has also been drawn in Figure 5 , which is just a straight line due to the quadratic scale used for the horizontal axis. It turns out that the approximation (13) is quite good for values α<0.5. The quadratic relation (13) we found is the reason why a trendline (∝ N 2 ) has been drawn in Figures 2 and 3 . First we assume for a while that just a single crack exist in each sample. Second, it is assumed that the crack length grows with the same amount during each cleaning cycle. Then it will be found that the change of the electric resistance ΔR will be proportional to N 2 as long as the number N is not too high.
Numerical modelling
In the theoretical analysis, several assumptions have been made: (1) the sample should have the shape of a long track, (2) the crack is perpendicular to the boundary, (3) only one crack is built up, and (4) the crack grows linearly with the number of cleaning cycles.
For the experimental measurements, square shaped resistors were used. Consequently, for the simulation part or this research square shaped resistors were used as well. A sample is then replaced by a square shaped network of resistors ordered in a regular array as shown in Figure 7a .
To avoid confusion with the individual resistors R in Figure  7 we call the sample as the global resistance. Two contacts at potentials φ=1 V and φ=0 V are provided. By solving this electric network numerically, one obtains the supplied current I 0 . The global resistance, we are interested in, is then given by R 0 =1 V/I 0 .
It should be remarked that solving the resistor network of Figure  7a is mathematically equivalent to the numerical solution of the Laplace equation using the finite difference approximation [18] [19] . To fulfill the zero potential gradient condition at the
For small values of y (y/a <0.2) the potential gradient is much steeper. This is due to the geometric influence of the crack. The supplied electric current has to pass through a narrow slit having a width of only a(1−α) which gives rise to local high electric fields or potential gradients.
Figure 5. Potential distribution along the y-axis or x=0
For high values of y, the potential function (8) can be approximated by:
(8)
For small values of y (y/a <0.2) one gets the approximation:
Both approximations (9) and (10) are also shown in Figure 4 .
If there would be no crack in the track (i.e. α=0) the potential function (8) is simplified to:
(6)
The approximation (9) can now be interpreted as the sum of the no crack potential with an offset Δφ (Figure 4) given by:
As the entire calculation outlined above was carried out under the assumption of a constant electric current flowing through the track, the extra electric resistance ΔR due the crack is also proportional to Δφ. A graphical representation of Δφ is shown in Figure 6 .
For small values of α the function (12) can be approximated by:
the number of removed resistors N R >6.000. For N R >10.500 no electric conduction was possible. For a 100×100 cell, we have in total 20.000 resistors in the network. The same problem was simulated many times. All results were similar except for the value of N R where the conduction stops. In our simulation, conduction stops when there is no longer any conducting path between the two electrodes.
Because the theoretical section revealed a clear quadratic behaviour (see eq. (13), the results of Figure 8 have been plotted again in Figure 9 but using a quadratic scale on the horizontal axis. For values N R <6000, the plot of Figure 9 can be very well fitted to a straight line, in full agreement with the theoretical analysis.
The trendline shown in Figure 9 is given by the equation:
where R 0 =1Ω as already mentioned. It must be emphasised here that similar results have been obtained for many runs of the simulation programme. The slope of the trendline was always around the value 4.4852 10 -8 with a maximum deviation of no more than ±5%. Several simulations have also been carried out for a 50×50 cell. All results were still in full agreement with the previous simulations.
vertical free boundaries, resistors with a double value 2R were introduced there. For the numerical solution, an interactive method, known as the relaxation technique, has been used [19] .
Simulations have been carried out for conducting sheets, which have been divided into 100×100 cells. In Figure 7 , only 3×3 cells were drawn for the sake of clarity. A crack is simulated by removing a single resistor from the network as shown in Figure  7b . This resistor was chosen arbitrarily by using a random generator in the simulation programme. The new network, with one resistor removed, is then solved numerically as well, giving rise to a new (and usually slightly higher) current I 1 and a new global resistance value R 1 = 1 V/I 1 . Obviously R 1 ≥R 0 . Then a second, also randomly selected resistor is removed (Figure 7c ). This gives rise to a new global resistance value given by R 2 = 1 V/I 2 (R 2 ≥ R 1 ≥R 0 ). This procedure is repeated till the number of removed resistors is that high that no electric conduction is possible.
The results obtained with a 100×100 cell are shown in Figure 8 .
For this simulation a value R=1Ω was used. One can easily verify that the global resistance is also 1Ω at the beginning, that is, before any resistor has been removed (Figure 7a ). One will remark that the global resistance increases dramatically when Needless to say that one dry cleaning cycle can correspond to the removal of one or more resistors. It means that the number N of dry cleaning cycles is then a multiple of Nr.
Conclusion
Several textile samples were made electroconductive through screen printing electrically conducting silver-based inks. Any mechanical deformation of the sample may cause a crack or microcrack in the screen printed layer, giving rise to an increase in the total electric resistance.
For most samples it was observed that the resistance increased proportionally with the square of the number of dry cleaning cycles. Only the sample deposited on nonflexible substrates showed a much smaller increase of the electric resistance.
The increase of the electric resistance caused by a cut in a long track was evaluated using conformal mapping techniques. It was found that the resistance increases with the square of the cut's length. If one assumes that each dry cleaning cycle increases the length of the cut by the same amount, this analysis explains the square law behaviour observed experimentally.
A dry cleaning cycle was simulated by the removal of one or more of these resistors. It was again found that the total resistance increases with the square of the number of removed resistors. Hence, the numerical simulation also confirmed the experimental observations. 
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